The Karoonda CK4 chondrite exhibits pronounced silicate darkening of matrix and chondrule mesostases. Our scanning electron microscope study showed that the Karoonda matrix contains unusual olivine, with a high density of vesicles and inclusions of mainly magnetite and pentlandite, all between 0.1 and 3 μm in diameter. The vesicular and nonvesicular olivines occur as an intermixture, and vesicularity is particularly abundant in regions that exhibit a high degree of silicate darkening. Our transmission electron microscope study revealed that the vesicular olivine is entirely crystalline and contains a high density of much smaller (< 10 to 100 nm) vesicles and inclusions of mostly pentlandite. In contrast, nonvesicular olivine contains no such inclusions. The observations indicate that the silicate darkening is caused by the dispersion of not only opaque mineral inclusions but also vesicles, and the microinclusion rich vesicular olivine is the principal cause of the silicate darkening. The texture and mineralogy of the vesicular olivine suggest that it was formed by crystallization of melt that was produced from nonvesicular olivine by shock at a high temperature.
INTRODUCTION
Karoonda like carbonaceous (CK) chondrites differ from other types of carbonaceous chondrites, in that most of them have been thermally metamorphosed to petrologic types 4 6 (e.g., Scott and Taylor, 1985; Kallemeyn et al., 1991) . A unique feature of the CK chondrites is that most of their silicate minerals appear dark and dusty in transmitted light, which has been referred to as silicate darkening (Kallemeyn et al., 1991; Rubin, 1992) . This phenomenon is also known from many metamorphosed ordinary chondrites (Britt and Pieters, 1991; Rubin, 1992) . Such silicate darkening is often regarded as being caused by the dispersion of micron to submicron sized grains of opaque minerals such as Fe Ni sulfides and magnetite (e.g., Heymann, 1967; Dodd, 1981; Kallemeyn et al., 1991; Stöffler et al., 1991; Rubin, 1992) ; however, the true cause has long remained unknown. Rubin (1992) suggested that curvilinear trails of small grains of opaque minerals in olivine are the principal cause of silicate darkening in the CK and ordinary chondrites.
A scanning electron microscope (SEM) study of the Kobe CK4 chondrite (Tomeoka et al., 2001 (Tomeoka et al., , 2005 revealed that it contains an abundance of unusual olivine in both the matrix and chondrules, and this contains numerous small vesicles and inclusions of magnetite, pentlandite, and a variety of other minerals. In the Kobe matrix, the vesicular olivine fills interstices of nonvesicular olivine grains forming a complex network of veinlets. Tomeoka et al. (2001) suggested that the vesicular olivine results from shock crystallization of partially melted olivine and this is the principal cause of the silicate darkening. Such vesicular olivine has not been reported from any other type of meteorite. In this paper, we present the results of our transmission electron microscope (TEM) study of vesicular olivine in the matrix of the Karoonda CK4 chondrite. Our purpose was to provide mineralogical and textural details of vesicular olivine and to determine its origin and relationship to the silicate darkening.
MATERIALS AND METHODS
Two polished thin sections (~ 113.5 mm 2 total area) were studied using an optical microscope, an SEM (JEOL JSM 6480LVII) equipped with an energy dispersive X ray spectrometer (EDS), and an electron probe microanalyzer (EPMA) (JEOL JXA 8900) equipped with wavelength dispersive X ray spectrometers (WDS). For most SEM observations, we used backscattered electron (BSE) imaging. EDS analyses with the SEM were obtained at 15 kV and 0.6 nA, and WDS analyses with the EPMA were obtained at 15 kV and 12 nA. Data corrections were made by the Phi Rho Z method for the EDS analysis and by the Bence-Albee method for the WDS analysis. Well characterized natural and synthetic minerals and glasses were used as standards. For the analysis of each mineral grain, we used a focused electron beam of ~ 2 μm diameter. Because of the limitation of the size of the focused electron beam, the analyses of microinclusions smaller than ~ 3 μm diameter in vesicular olivine are qualitative, based on EDS spectra.
After petrographic characterization, three different areas of matrix were extracted from one of the thin sections, mounted on Cu or Mo grids, and thinned by argon ion bombardment. They were studied using a TEM (JEOL JEM 2010), operated at 200 kV. Structural identification was based on selected area electron diffraction (SAED). Qualitative chemical analysis was performed using an EDS with the TEM.
RESULTS

Petrography and mineral composition
Silicate darkening in Karoonda is observed in both the matrix and chondrules, but it is more pronounced in the matrix (Fig. 1) . In the chondrules, the mesostases are distinctly more darkened than are the phenocrysts. The matrix shows heterogeneous darkening on the scale of 50 to 300 μm. Dark bands of 30 to 100 μm in width commonly occur along the chondrule surfaces. Darkened silicate minerals are olivine, plagioclase, and pyroxene, but olivine shows distinctly stronger darkening than the other silicates.
Olivine grains exhibiting weak to moderate undulatory extinction are common, but olivine grains exhibiting planar fractures are rare. Based on these characteristics, Karoonda is assigned to shock stage S2, which is consistent with the previous estimate (Scott et al., 1992 ; Rubin, 
1992).
The matrix consists mostly of Fe rich olivine, plagioclase, magnetite, and minor amounts of low Ca pyroxene, pentlandite, and high Ca pyroxene. BSE images of the regions that appear dark in transmitted light show that they consist mainly of two types of olivine (Figs. 2a 2c) . One occurs as relatively coarsely crystallized, anhedral grains that are typically 5 to 20 μm in size (Figs. 2a and  2b) . The other occurs as irregularly shaped grains that fill interstices of the anhedral olivine grains. The latter type of olivine contains numerous vesicles, ranging in diameter from 0.1 to 3 μm, and spherical inclusions of pentlandite and magnetite of the same size range (Fig. 2c) . In places, it also contains round to anhedral grains (also 0.1 to 3 μm in diameter) of Ca rich pyroxene and Ca phosphate. There is a tendency for a region having a higher volume proportion of vesicular olivine to show a darker appearance in transmitted light.
Electron microprobe analyses were obtained from nonvesicular olivine and vesicular olivine in the matrix (Table 1) . In the analysis, we avoided inclusions and vesicles ≥ 0.2 μm in diameter, however substances < 0.2 μm are difficult to distinguish by analytical SEM and EPMA, so we could not exclude inclusions and vesicles < 0.2 μm. The analyses show that the nonvesicular olivine is very similar in fayalite content to the vesicular olivine (Table 1) . However, the vesicular olivine shows significantly higher contents of Ni (0.64 wt% NiO on average), S (0.17 wt% S), and Ca (0.12 wt% CaO) than the nonvesicular olivine (0.52 wt% NiO, < 0.03 wt% S, and < 0.02 wt% CaO). Nickel, S, and Ca show relatively high standard deviations of the analyses, which probably reflect heterogeneous distributions of these elements.
Transmission electron microscopy of matrix
TEM observations reveal that the matrix of Karoonda contains olivine with numerous vesicles as an intermixture with nonvesicular olivine. SAED indicates that the vesicle host is entirely crystalline olivine (Fig. 3a) . No significant difference in crystallinity is observed between the vesicular and nonvesicular olivine. Vesicles with diameters ranging from 100 nm down to < 10 nm, which are not discernable by the SEM, occur abundantly (Figs.  3b and 3c ). The vesicle density differs between olivine grains and is heterogeneous within individual ones. Vesicles are commonly flattened in the direction perpendicular to [010] of the host olivine and exhibit a preferred orientation (Fig. 3a) . Small vesicles < 200 nm in diameter occasionally show parallel flat surfaces and partially rectangular morphologies that have a crystallographic relationship to the host olivine (Figs. 3c and 3d) . Rare coalesced vesicles are present (Fig. 3e) .
TEM observations also reveal that the vesicular olivine contains a high abundance of pentlandite inclusions with diameters ranging from 100 nm down to < 10 nm (Figs. 3a and 3b ). This indicates that the high S and Ni contents in the microprobe analyses of vesicular olivine described above resulted from the presence of these extremely small pentlandite inclusions. Magnetite, Ca rich pyroxene, and Ca phosphate also occur but in much lesser abundance as relatively large inclusions > 100 nm in diameter. Most such inclusions are directly enclosed by host olivine. However, some of them, particularly those of pentlandite, occur within vesicles (Fig. 3b) . In the latter case, pentlandite inclusions commonly show a flat surface on the side facing the space in the individual vesicles (Fig.  3b) . In contrast to the vesicular olivine, the nonvesicular olivine contains no such inclusions.
Both vesicular and nonvesicular olivines contain dislocations and microcracks, exhibiting a complex strain contrast. The most common dislocations have a Burgers vector b = [001] and long segments in the [001] orientation (Fig. 4a) . The dislocations commonly curve in various directions and, in places, they are tangled or form arrays (Figs. 4b and 4c) . The density of dislocations in areas of their high concentration ranges from 10 9 cm −2 to 10 10 cm −2 (e.g., Fig. 4a ). It is much lower, however, in most areas. No significant difference is observed in the abundance and type of dislocations between vesicular and nonvesicular olivine. 
DISCUSSION
The origin of vesicular olivine
Our SEM observations of Karoonda show that microinclusion rich vesicular olivine occurs pervasively throughout the matrix and is particularly abundant in regions that exhibit a high degree of silicate darkening. Curvilinear trails of opaque mineral blebs, which Rubin (1992) suggested to be the main cause of the silicate darkening in the CK chondrites, are rare in the matrix. The occurrence of the trails is mostly restricted to coarse grained olivine phenocrysts in chondrules that show a relatively low degree of darkening. These characteristics closely resemble those observed in the Kobe CK4 chondrite (Tomeoka et al., 2001) . Therefore, microinclusion rich vesicular olivine is clearly the principal cause of silicate darkening in the Karoonda matrix.
Our TEM observations reveal that vesicular olivine contains a high density of vesicles that range in diameter down to < 10 nm and their host is entirely crystalline olivine. These observations indicate that the silicate darkening in Karoonda is caused by the dispersion not only of opaque mineral inclusions but also of vesicles. Vesicular olivine commonly contains inclusions of pentlandite, magnetite, and a variety of other minerals, whereas nonvesicular olivine contains no such inclusions. These observations suggest that the vesicles and inclusions were simultaneously incorporated into olivine, and the vesicular and nonvesicular olivine went through distinct formation processes. Tomeoka et al. (2001) suggested that vesicular olivine in Kobe was formed by crystallization of melts that were produced by shock from fine grained nonvesicular olivine in the matrix. They further suggested that the shock occurred at a relatively mild pressure (< 25 GPa) and a high temperature (> 600 °C). They thus inferred that the mechanical effects on olivine such as fractures and deformation, which are the principal criteria to estimate the host meteorite shock intensity (Stöffler et al., 1991) , were relatively minor, but the peak temperature was high enough to cause olivine partial melting. Nakamuta et al. (2006) recently estimated the thermal history of Kobe based on the crystallographic characteristics of plagioclase, and lent support to the idea that Kobe experienced a relatively mild shock event at a high temperature.
We suggest that vesicular olivine in Karoonda was also formed by a similar shock process. The matrix was probably heated heterogeneously upon shock, and the temperature locally exceeded the melting point of Fe rich olivine (~ 1600 °C). However, the shock pressure was relatively mild, and the heating was instantaneous and followed by rapid cooling. Thus, olivine melted only partially on a very fine scale and the melted olivine essentially crystallized in situ, forming the intimate mixture of melted vesicular, and unmelted nonvesicular olivine. During the shock process, numerous vesicles were formed from volatile matter in the matrix and this was trapped in the melt. Numerous melted droplets of pentlandite and magnetite as well as fragments of other minerals were also trapped.
Microtextures of vesicular olivine
Our TEM observations reveal that vesicles in the olivine are commonly flattened and rectangular in shape, and the planar surfaces have a crystallographic relationship to the host olivine (Figs. 3a and 3d ). These vesicles resemble CO 2 rich fluid inclusions with euhedral shapes observed as "negative crystals" in olivine in gabbroic mantle xenoliths (e.g., Viti and Frezzotti, 2000) . Viti and Frezzotti (2000) interpreted that the euhedral fluid inclusions were produced by healing cracks from which larger fluid inclusions initially formed and their shape and orientation were imposed during healing by the crystal structure of the host olivine. We infer that the euhedral vesicles in the Karoonda olivine resulted from development of crystallographic planes in the free space of the vesicles during the heating that occurred subsequent to the formation of vesicular olivine. The planar surfaces of pentlandite inclusions in the vesicles (Fig. 3d) presumably formed as the result of crystal growth in free space in the vesicles during the subsequent heating. Both vesicular and nonvesicular olivines contain regions having high density, straight dislocations with a Burgers vector b = [001]. Such high density dislocations are diagnostic of deformation at high strain rates and low temperatures, and they most likely resulted from shock deformation (e.g., Ashworth, 1985) . The vesicular and nonvesicular olivines show no significant difference in abundance and type of dislocation. We presume that these would not survive such a high temperature process that produced vesicular olivine. The shock event responsible for the present dislocations, therefore, probably took place after the formation of vesicular olivine. The dislocations locally show curved shapes, tangling, and arrays (Figs. 4b and 4c), which are indicative of thermal annealing. They suggest that heating occurred even after the shock event that produced them.
